The cumulus convection activity in the tropical oceanic regions is strongly regulated by the large-scale environmental atmosphere, while at the same time, cumulus convection will influence the large-scale atmosphere. It is thus recognized that the spatiotemporal variability of moisture content plays an important role in determining such multiscale interaction processes relevant to tropical cumulus convection. This study investigates the relationship between cumulus convection and environmental moisture in the tropical Indian Ocean by conducting convection-resolving simulations through the nesting capability with which the innermost domain has the 100 m grid resolution. We examine the cases observed from October to November 2011 during the Cooperative Indian Ocean Experiment on Intraseasonal Variability in the Year 2011/Dynamics of the Madden-Julian oscillation (MJO) field experiment. Based on the favorable performance of the outermost domain simulations in reproducing eastward propagating signals over the Indian Ocean, the data obtained from the 100 m mesh simulations are examined. It is shown that the cloud cover whose tops exceed a middle level sharply increases with the increase in precipitable water vapor over about 55 mm. The increase in relative humidity in a lower layer results in the increase in cloud cover at a level above the humid layer. From the convection-resolving simulations, the existence of updraft cores that are less diluted with the environment is demonstrated. It is considered that cloud-core parcels are less susceptible to the negative effects of dilution with the environment and survive to penetrate to upper levels, which contributes to the moistening of the environmental atmosphere. The existence of updraft cores plays a key role in the inter-relationship between cumulus convection and its environment. The effects from cumulus clouds on their environment are regarded as a preconditioning influence for the convective initiation of MJO.
Introduction
Cumulus clouds in the tropical oceanic regions develop in response to the spatiotemporal variability of atmospheric stability, wind shear, and sea surface temperature. With favorable conditions, cumulus clouds organize into mesoscale convective systems, cloud clusters, and in some cases tropical cyclones. Furthermore, the organization of cumulus clouds is considered to play a key role in forming intra-seasonal oscillation coupled with deep convective activity, which is known as the Madden-Julian oscillation (MJO) Julian 1971, 1972) . Even though numerous studies have been conducted on MJO, there still remain unsolved issues on the mechanisms for MJO development and on the skills in predicting MJO with global weather forecasting models (Zhang 2005) .
Cumulus clouds themselves have various development modes, i.e., shallow cumulus, cumulus congestus, and cumulonimbus (Johnson et al. 1999) , which are characterized by the vertical development of convection. These cumulus modes are controlled by stratification as well as moisture. In particular, a stably stratified layer at middle levels, which is formed by the detrainment processes of deep convection, will control the vertical development of cumulus clouds (Zuidema 1998) . In addition, the cumulus modes are regulated by the moisture variability of the tropical atmosphere. The tropical atmosphere generally has only a minor temperature gradient in the horizontal direction because of the absence of baroclinicity, while it frequently has a large change in moisture content not only in the vertical but also in the horizontal direction. A large moisture variability can be seen over the tropical western Pacific (Yoneyama 2003) and the tropical Indian Ocean (Yoneyama et al. 2008) . Such a large moisture variability is considered to influence the development of cumulus modes (Brown and Zhang 1997; Takemi et al. 2004; Derbyshire et al. 2004; Jensen and Del Genio 2006; Kumar et al. 2014) . Thus, cumulus convection activity in the tropical oceanic regions is strongly regulated by stratification and moisture that are characterized by large-scale atmospheric variability including MJO.
On the other hand, cumulus clouds transport moisture upward and therefore should have feedback effects on the surrounding atmosphere through moistening. This feedback is considered to play a role in the development of following deep convection by preconditioning the atmosphere favorable for the deep convection. Recent studies have tackled this preconditioning issue to gain insights in the initiation processes of MJO (Waite and Khouider 2010; Rapp et al. 2011; Del Genio et al. 2012; Hohenegger and Stevens 2013; Hagos et al. 2014; Ruppert and Johnson 2015) .
The roles of moisture variability in activating processes that would lead to MJO initiation have been one of the major research issues in recent studies. To enhance and advance our understanding of the processes relevant to MJO initiation, a field experiment over the Indian Ocean in 2011-2012 was organized under the Cooperative Indian Ocean Experiment on Intraseasonal Variabiilty in the Year 2011 (CINDY2011) and Dynamics of the MJO (DYNAMO) Yoneyama et al. 2013) . One of the key objectives in CINDY2011/DYNAMO is to reveal MJO initiation and propagation through convective processes including congestus preconditioning for the transition to deep convection.
Recent studies investigated cumulus convection and moisture variability in the tropical regions and for MJO initiation with numerical simulations at O (1 km) resolutions (Hagos et al. 2013 (Hagos et al. , 2014 Holloway et al. 2013) , known as cloud-permitting simulations. However, to investigate convective initiation processes, we need to conduct higher resolution simulations that sufficiently resolve cumulus convection and explicitly represent interacting processes between cumulus clouds and their environments. In this study, we focus on the relationship between cumulus clouds and environmental moisture during the field experiment of CINDY2011/DYNAMO by employing an approach of convection-resolving simulation at the 100 m grid spacing.
In general, tropical cumulus clouds have weaker updrafts with smaller buoyancy than the mid-latitude counterparts Jorgensen and LeMone 1989; Lucas et al. 1994a, b; Igau et al. 1999) . During slower ascent under smaller buoyancy in the tropical oceanic environments, air parcels in cumulus clouds will be diluted and mixed with environmental air, which leads to suppress the vertical growth of cumulus clouds. Takemi (2014) demonstrated the sensitivity of the intensity of convective systems to temperature lapse rate by comparing those simulated in the tropical, oceanic, and the mid-latitude continental environment. In addition, the vertical development of tropical cumulus clouds is sensitively regulated by environmental humidity profiles (Takemi et al. 2004 ): a moister condition in a deeper tropospheric layer is beneficial for deeper clouds. It is considered that cumulus clouds that gradually develop in the vertical will provide moisture in upper levels by mixing with the environment, i.e., preconditioning effects. In other words, cumulus convection activity in the tropical oceanic regions is strongly regulated by the large-scale environmental atmosphere, while at the same time, cumulus convection influences the large-scale atmosphere. It is recognized that the spatiotemporal variability of moisture content plays an important role in determining such multiscale interaction processes: the down-scale control on cumulus convection and up-scale influence on the environmental atmosphere.
In this study, we investigate the relationship between cumulus activity and environmental moisture in the tropical Indian Ocean during October and November 2011 by conducting 100 m mesh numerical simulations with a non-hydrostatic atmospheric model. The use of this high resolution is intended to sufficiently resolve cumulus clouds (Bryan et al. 2003; Takemi and Rotunno, 2003; Takemi 2008 Takemi , 2012 , and the resolution can be regarded as a convection-resolving range. By employing the nesting capability of the atmospheric model, the computational domains cover the entire tropical Indian Ocean down to a mesoscale region surrounding the stationary observation point of the R/V Mirai of Japan Agency for Marine-Earth Science and Technology (JAMSTEC) during the observation cruise from 1 October to 1 December in 2011 as a part of the CINDY2011/DYNAMO field campaign. During this time period, two MJOs occurred over the Indian Ocean: one in late October to early November and the other in late November to early December, which were well documented observationally by Johnson and Ciesielski (2013) and Gottschalck et al. (2013) and numerically by Nasuno (2013) and Fu et al. (2013) with global models. The present analyses are made on the mesoscale region around the R/V Mirai observation point to examine the effects of sufficiently resolved cumulus convection on the environmental atmosphere. In this study, large-scale atmospheric variations are regarded as a prescribed background condition for cumulus activity in the mesoscale region. We will investigate the role of cumulus convection in moistening the environmental atmosphere.
Numerical model and simulation setup
The numerical model used here is a version of the Weather Research and Forecasting (WRF) model, the Advanced Research WRF (ARW) version 3.3.1 (Skamarock et al. 2008 ). The WRF model is a non-hydrostatic, compressible atmospheric model that is used in various meteorological applications. In this study, we conduct numerical simulations of the tropospheric variability and cumulus convection as observed over the tropical Indian Ocean during October and November in 2011 as a part of the CINDY2011/DYNAMO field experiment. For this purpose, we configure the WRF model in a realistic mode.
We employ the nesting capability of the WRF model to conduct convection-resolving simulations that sufficiently resolve cumulus clouds in the finest resolution domain. Since the focus in the present analysis is placed on the region surrounding the stationary observation site of the R/V Mirai, the nested domains are set, as shown in Fig. 1 Since the present simulations are performed in a realistic mode, all the physics processes are included. We choose physics parameterization schemes by considering the schemes' elaboration and the computational efficiency because we conduct the 100 m resolution simulations for two months. Cloud and precipitation processes are parameterized as follows: a single-moment, six category microphysics scheme of Hong and Lim (2006) and a revised Tiedtke's (1989) cumulus parameterization scheme of Zhang et al. (2011) (but applied only for Domain 1). For boundary layer mixing, a non-local mixing scheme of Hong et al. (2006) is employed for Domains 1, 2, and 3. On the other hand, a subgrid-scale model of Deardorff (1980) is used for representing turbulent mixing in Domain 4 simulations. For radiation parameterizations, a simple downward scheme of Dudhia (1989) for shortwave radiation and the rapid radiative transfer model of Mlawer et al. (1997) for longwave radiation are used.
To prescribe the initial and boundary conditions of the WRF model, we use six-hourly operational global analysis (GANAL) data of Japan Meteorological Agency (JMA) for the atmosphere and Merged satellite and in situ data global daily sea surface temperature (MGDSST) data of JMA for sea surface temperature. The GANAL data have a spatial resolution of 0.5° and 23 levels in the vertical, whereas the MGDSST data have a resolution of 0.25°. The daily MGDSST data are linearly interpolated at an interval of 6 h to be the same with the time interval of GANAL. Terrain and land-ocean contrast in the computation domain are determined with the use of GTOPO30 and Global Land Cover Characterization datasets.
The numerical simulations for the analyses are conducted from 0000 UTC 1 October 2011 to 0000 UTC, corresponding to the intensive observation period of the R/V Mirai. To prevent the large-scale atmospheric variability away from the GANAL fields, we conduct numerical simulations by segmenting the two-month period into two-day interval with one day shifted. The initial time of each two-day segment is 0000 UTC on day X. Each segmented simulation is initiated from the computation of Domain 1, followed by the computations of the nested domains, i.e., the initial times of Domains 2, 3, and 4 are 1200 UTC on day X, 1800 UTC on day X, and 0000 UTC on day X + 1, respectively. All the computations from the outermost to the innermost domain in each segmented simulation are terminated at 0000 UTC on day X + 2. The outputs from 0000 UTC on day X + 1 to 0000 UTC on day X + 2 are used for the present analyses. For example, the simulated data are obtained from the segmented simulation initiated at 0000 UTC 30 September 2011 in Domain 1, at 1200 UTC 30 September in Domain 2, at 1800 UTC 30 September in Domain 3, and at 0000 UTC 1 October in Domain 4 until 0000 UTC 1 October 2011. Overall, 61 segmented simulations are conducted starting from 0000 UTC 30 September 2011, and ending at 0000 UTC 1 December 2011, and the outputs from 0000 UTC 1 October to 0000 UTC 1 December are used. All the computational domains are connected in one way, which means that the meteorological variables are passed on from a mother domain to a child domain. The time intervals of the data outputs are 60 min for Domains 1 and 2 and 5 min for Domains 3 and 4.
Results

Overall characteristics of the simulated atmo-
sphere: Comparison with the observations First, the overall characteristics of the simulated fields are presented through the comparison with the observations. The comparison here is made in terms of moisture variables because moisture highly fluctuates in time and space depending on large-scale atmospheric variability and cumulus activity. Figure 2 shows the time and height diagram of relative humidity obtained from three-hourly radiosonde observations at the R/V Mirai site from 0000 UTC 1 October to 0000 UTC 1 December in 2011. The details of the radiosonde observations can be found in the studies of Yoneyama et al. (2013) and Ciesielski et al. (2014) . Higher humidity exceeding 80 % at the lowest 2 km layer can continuously be seen throughout the period, with some sporadic drier conditions. In contrast, higher humidity conditions at the upper levels above the 3 km height occur less frequently. In particular, higher humidity above the 5 km height can be seen on 7-10 October, on a couple of days toward the end of October, in mid-November, and on several days until the end of November. The moister conditions on days in late October and late November correspond to the two MJO events (Johnson and Ciesielski 2013; Gottschalck et al. 2013) .
The representation of these observed characteristics of relative humidity is examined from the simulated outputs in Domain 4. Figure 3 shows the time and height diagram of relative humidity horizontally averaged over Domain 4. It is seen that there are persistent higher moisture conditions (but with some sporadic breaks) below the 2 km height, less frequent moist conditions above the 3 km height, and the four moister events above the 5 km height, which agree well with the observed features, as shown in Fig. 2 . It was also found that there were good performances of the simulations with the observations in terms of other meteorological variables.
The moisture condition is further examined in terms of precipitable water vapor. Figure 4 compares the time series of precipitable water vapor between the observations and simulations. Corresponding to the moister conditions at the upper levels, as seen in Figs. 2 and 3, higher precipitable water is seen in the early to mid-October, the later period of October, the mid-November, and the later period of November. The simulations adequately capture these moister conditions as well as the temporal variations including drier conditions as observed during the period. From the comparisons indicated by Figs. 2, 3, and 4, it is shown that the simulations successfully reproduce the observed variability at least in the Domain 4 area. In the following, the large-scale atmospheric variations in the tropical Indian Ocean are examined. During October and November 2011, two MJO events occurred (Johnson and Ciesielski 2013; Gottschalck et al. 2013) . Thus, the simulated results obtained in Domain 1 are examined whether eastward propagation of disturbances is seen.
Large-scale atmospheric variability represented in the simulations is examined in terms of the longitude and time diagrams of precipitable water vapor and vertical velocity at the 4 km height, as shown in Fig. 5 . The values in this diagram are averaged in the north and south direction between 5°N and 5°S. Moister signals propagate eastward starting at 50-60°E in mid-October and mid-November passing through the 80.5°E longitude and exiting at the east end of Domain 1. These two eastward propagating signals correspond to two MJO events observed during the time period. Extremely moist conditions are embedded within the MJO events to the east of around the 75°E longitude (Fig. 5a ). Associated with these eastward propagating moist signals, upward motion dominates in the tropical Indian Ocean.
Considering that the values indicated in Fig. 5 are averaged in the 10° latitude band, the upward motion exceeding 7 cm s -1 seen within the MJO signals ( Fig.  5b ) is regarded as strong large-scale ascent. In Fig. 5b , a sharp signal of such intense ascent that propagates eastward is seen in regions to the east of 75°E longitude in later November, corresponding to the very moist conditions seen in Fig. 5a .
From the results shown in Fig. 5 , it is indicated that the simulations successfully reproduce the eastward propagating signals that are induced by MJO. By confirming the favorable performance of the vertical structure at the Mirai site as well as the large-scale fields we will investigate cumulus activity under prescribed large-scale conditions that are realistically represented.
Cumulus activity and environmental stability
conditions In this section, we investigate the relationship between cumulus clouds and environmental conditions by using the outputs at 5 min interval produced in the Domain 4 simulations. In general, the development of cumulus convection is strongly regulated by environmental stability. Since the development of cumulus convection may depend on temperature lapse rate and relative humidity (Takemi et al. 2004; Takemi 2007a Takemi , b, 2010 , these parameters are examined first. Stability conditions examined here are evaluated in Domain 4. Figure 6 shows the time series of mean relative humidity averaged at the low (0 -2 km), middle (2-6 km), and upper (6 -10 km) levels and temperature lapse rate in the lower troposphere, i.e., the levels between 0.5 and 5 km. The lapse rate in the lower troposphere is examined because of its contribution to cumulus convection development (Takemi 2007a (Takemi , b, 2010 . Consistent with the features found in Fig.  3 , low-level relative humidity is basically quite high, fluctuating 80 % -90 %, except for the very dry period before MJO development in late November, while the middle-and upper-level relative humidity largely varies between October and November. The occurrence of high relative humidity is less frequent in the upper levels than in the middle levels. During the development of the November MJO, the relative humidity at the middle as well as upper levels is very high in late November, i.e., after 25 November. It is seen that there are some periods with high relative humidity at the middle and the upper levels, which correspond to higher values of the temperature lapse rate. Higher lapse rate means that the lower troposphere becomes less stable, which will promote convection. The correlation coefficients of the time series of the temperature lapse rate with those of relative humidity in the three layers are 0.30 for the low-level relative humidity, 0.60 for the middle-level relative humidity, and 0.45 for the upper-level relative humidity, which indicates that higher lapse rate does not occur simultaneously in periods with moister conditions. Furthermore, the lapse rate during the development of the two MJO events in late October and late November does not necessarily seem to be the highest during the period shown in Fig. 6 . In fact, the highest lapse rate appears in early November when relative humidity becomes high up to the middle levels. With these stability characteristics, we examine cumulus convection activity.
To gain overall views on the simulated cloud activity in Domain 4, we then examine cloud cover computed at each height. The cloud here is defined as grid points having total condensate (i.e., the sum of rainwater, cloud water, cloud ice, snow, and graupel) mixing ratio ≥0.01 g kg -1 , and the cloud cover is a fractional area of the cloud grids against the total area of Domain 4. Figure 7 shows the temporal and height variation of cloud cover. At the lower levels below the 3 km height, higher cloud cover, which corresponds to shallow cumulus clouds, is a normal condition for the analysis region with some exceptions of extremely dry situations as seen before the active phase of the MJO events in late October and late November. On the other hand, at the levels above the 3 km height, conditions with higher cloud cover appear less frequently. In particular, higher cloud cover at the middle levels between 3 and 6 km heights is found sporadically but clearly identified in early October, the MJO event in late October, in early November, and the MJO event in late November. In addition, these four time periods indicate higher cloud cover at upper levels above the 6 km height seen on 7-10 October, 25-26 October, 5-8 November, and 25 November to 1 December. Based on the analyses shown in Figs. 6 and 7, the relationship between the cloud cover and environmental stability is examined. Because higher cloud cover at levels above the 3 km height shown in Fig. 7 is considered to occur in response to changes in environmental stability, the cloud cover at the 4 km height is chosen. Figure 8 shows the relationship between the cloud cover at the 4 km height and the environmental parameters. It is seen that there is no organized features in Fig. 8a , whereas a distinct relationship is seen in Fig. 8b . It is also seen that the cloud cover significantly increases as precipitable water vapor becomes larger than about 55 mm. This suggests that there is a threshold in precipitable water vapor for cloud development.
From Fig. 8 , it was shown that cloud cover at least at the middle levels has a closer relationship with moisture content than temperature lapse rate. Thus, the relationship of the cloud cover to moisture is further investigated. The cloud cover evaluated at a certain height is compared with relative humidity in a lower layer. The idea here is that cumulus clouds will develop vertically with moistening the atmosphere from the low levels to upper levels (Takemi et al. 2004) . Cloud cover at a middle level (an upper level) is evaluated at the 4 km (8 km) height, whereas the relative humidity in a low layer (a middle layer) is calculated by taking averages vertically over the depth of 0 -2 (2-6) km and horizontally over Domain 4. Figure 9 shows the relationship between cloud cover at a certain level and a lower layer relative humidity. From Figs. 9a and 9b, it is seen that the cloud cover at the 4 km height sharply increases when the relative humidity in the lower layer exceeds 70 % -80 %. Although the features for the cloud cover at the 8 km height shown in Fig. 9c seem less clear, there is an increasing tendency of the upper-level cloud cover with the increase in the relative humidity in the middle layer. In Fig. 9c , a higher value in the cloud cover is found for some cases with lower values of the relative humidity; higher cloud cover over 0.3 can be seen in cases of relative humidity < 40 %. This corresponds to upper-level clouds not rooted in the lower levels as seen above the 7 km height in Fig. 7 , which may be horizontally advected. By excluding these cases of higher cloud cover in drier conditions, we can clearly identify a positive relationship between the upper-level cloud cover and the middle layer relative humidity. The development of cumulus convection is diagnosed by updraft intensity. As described in Section 1, the updraft velocity in tropical cumulus convection is significantly smaller than that in the mid-latitude counterpart. Typically, the updraft velocity in tropical cumulus clouds is a few m s -1 . For example, Zipser and LeMone (1980) and LeMone and Zipser (1980) estimated, from the analysis of observational data, that the median updraft within the region of stronger upward motion in tropical cumulus clouds, i.e., updraft core, is about 2 m s -1 , and Igau et al. (1999) obtained the value of 2.25 m s -1 as the average speed of updraft cores. LeMone and Zipser (1980) and Jorgensen and LeMone (1989) defined the threshold speed for updraft as being 0.5 m s -1 and that for updraft core as being 1 m s -1 , and Jorgensen and LeMone (1989) and Igau et al. (1999) used the same threshold for identifying updraft cores. By considering the definitions used in these previous studies, we define cloud core as having total water condensate mixing ratio ≥ 0.01 g kg -1 and updraft speed ≥ 0.5 m s -1 . This threshold value for the updraft speed, which is smaller than that used in the observational analyses, is chosen because the simulated flow speed is generally weaker than the observed instantaneous wind speed. We determine a grid point with these properties as a cloud-core grid. With this procedure, the mean updraft velocity averaged for cloud-core grids is evaluated at each height. Figure 10 shows the temporal variation of the mean updraft velocity in cloud cores. Stronger updrafts > 2.5 m s -1 are occasionally seen at levels above the 3 km height, corresponding to the increased cloud cover at the middle and upper levels, as indicated in Fig. 7 . The updraft velocity peak is found at 5 to 6 km heights. These signatures of stronger updraft > 3 m s -1 are the manifestation of deep convection development. During the MJO event in late November, persistent stronger updrafts at middle-to-upper levels appear, following suppressed updrafts within the lowest 2 km depth.
The characteristics of updraft in late November are considered to reflect the cumulus activity during the MJO event in the period. Thus, we now focus on the environmental conditions in late November.
The temporal variation of temperature lapse rate in the lower troposphere, i.e., the levels between 0.5 and 5 km and relative humidity over the depths of 0 -2 km (low levels) and 2-6 km (middle levels) from 0000 UTC 21 November to 0000 UTC 1 December are shown in Fig. 11 . From 21 to 23 November, the temperature lapse rate is very low, and the relative humidity at the middle levels is also very low. The low-level relative humidity is also lower than the temporal average during the two months, i.e., 83.5 % (Fig. 6a) , indicating that the atmosphere is very stable and dry. After 24 November, the temperature lapse rate gradually increases, and the low-level relative humidity recovers the normal values. In addition, the middle-level relative humidity also increases day by day: three diurnal cycles of the increase in the middle-level relative humidity are seen during 24 and 27 November. After this cycle of the relative humidity increases, the atmosphere becomes more unstable and moister not only at the low levels but also at the middle levels. The middle-level relative humidity after 27 November is significantly higher than the two-month mean value of 45.0 %. The temporal variation of such instability and moisture conditions can also be clearly identified by other parameters. Figure 12 demonstrates the temporal variation of precipitable water vapor and convective available potential energy (CAPE) during the same period as in Fig. 11 . CAPE was computed by raising an air parcel at the 100 m height above the ocean surface. From 21 to 23 November, precipitable water vapor is significantly low, and CAPE is virtually zero. On 24 November, the moisture content and instability increases. After three days, the moisture content becomes larger than 60 mm, and CAPE exceeds 1000 J kg -1 . With these increases, higher cloud cover with stronger updrafts develops, as indicated in Figs. 7 and 10.
The analyses presented in this section clearly indicate that the increases in cloud cover, updraft intensity, and even the depth of cloud have a close correlation with the increase in relative humidity at the middle-to-upper levels. From this, it is further suggested that there would be interacting processes between cumulus activity and environmental moisture. The next section will discuss this issue.
Role of cumulus convection in environmental moistening
In the present simulations, the computational domains are set with one-way nesting. This means that there is no feedback from an inner domain to an outer domain. In other words, the averaged states simulated in an inner domain will differ from those in an outer domain. Thus, by comparing the results simulated in an inner domain and an outer domain, we can diagnose the effects of explicitly resolved processes in a higher-resolution domain on the atmospheric states. In this section, we examine possible roles of cumulus convection sufficiently resolved in Domain 4 in determining the atmospheric conditions of the background fields. For this purpose, we compare the results obtained in Domain 4 with those in Domain 1. From the previous section, it was indicated that cloud development has a close relationship with moisture variation. Therefore, we examine the differences in moisture content simulated in Domains 4 and 1. The simulated results of Domains 4 and 1 are compared in terms of mean column water vapor content within a certain depth averaged over the area corresponding to the Domain 4 region. Figure 13a compares the mean column water vapor contents in the lowest 1 km depth, in the lowest 4 km depth, and in the entire troposphere simulated in Domains 4 and 1 from 0000 UTC 21 November to 0000 UTC 1 December 2011. From 21 to 24 November, there is a prominent difference in the column water vapor in the 0 -1 km layer between the results of Domains 4 and 1: the moisture content of the Domain 4 simulation is larger than that of the Domain 1 simulation. Larger moisture content in Domain 4 than in Domain 1 can also be seen for the moisture content in the 0 -4 km layer during the first half of the period, as shown in Fig. 13a . In particular, on 24 November, the moisture content in the 0 -4 km layer is much larger in the Domain 4 case than in the Domain 1 case. This difference corresponds to the sharp increase in middle-level relative humidity identified in Fig. 11c , and it significantly influences the difference in the total moisture content between the Domain 4 and 1 cases. Larger value of the total moisture content in the Domain 4 case is seen to continue for three days starting at 24 November, while the moisture content in the lowest 1 km depth after 24 November is similar with each other in the Domain 4 and 1 cases. Therefore, it is strongly suggested that the larger moisture content in the Domain 4 case than in Domain 1 is due to more increased moisture at middle-to-upper levels in Domain 4 than in Domain 1, which will promote deep convection, as shown in the cloud cover (Fig. 7) and in the updraft intensity (Fig.  10) .
The differences in the moisture contents in Domains 4 and 1 are also examined for the other MJO case in late October. As in Fig. 13a, Fig.  13b exhibits the temporal changes in the moisture contents from 0000 UTC 22 October to 0000 UTC 1 November 2011. We here focus on the time period of the increasing tendency of moisture from 23 to 26 October. Higher moisture contents at the lowest layer between the heights of 0 and 1 km in Domain 4 than in Domain 1 can be seen from 23 to 25 October. In addition, higher moisture contents in Domain 4 than in Domain 1 can be identified at the layer extending to the middle levels occasionally from 23 to 26 October. Owing to these higher moisture conditions in Domain 4, the total moisture contents become higher in Domain 4 than in Domain 1. Therefore, the characteristics of the moisture conditions in the highest resolution domain as seen in the November MJO event can also be identified in the October MJO event.
To diagnose the effects of cumulus convection on the environmental atmosphere, we use thermodynamic conserved variables to examine a possible role of cumulus convection. Equivalent potential temperature (as computed by the analytic equations of Bolton (1980) ) and total water mixing ratio, which is the sum of water vapor and water condensate, are used for this diagnosis. Data outputs from all the Domain 4 simulations from 0000 UTC 1 October to 0000 UTC 1 December in 2011 are analyzed. We categorize all the grid points in Domain 4 into a cloud-core parcel, a cloud parcel (but not cloud core), and an environmental parcel. The definitions of the cloud core and the cloud are the same, as described in Section 3.2. Equivalent potential temperature and total water mixing ratio at all the grid points are then computed. After determining the properties of grid points, the values of each thermodynamic variable at those grids are averaged for each category of cloud core, cloud, and environment at each height.
The thermodynamic properties averaged for each category of air parcels at the heights of 100, 1000, 2000, 4000, and 6000 m are indicated in Fig. 14 . Air parcels at lower heights have higher equivalent potential temperature and larger total water mixing ratio. Red, blue, and green points at each height in this thermodynamic space are clustered on a line declining toward the right. At the height of 100 m, the differences among the parcel categories seem to be small, which means that there would be no clear distinction among the thermodynamic properties of the parcel categories, and therefore, the air parcels are well mixed. The differences among the parcel categories at the upper levels above the 1000 m height become quite pronounced, which means that the thermodynamic properties are quite different between cloudy and environmental parcels. There is also a clear distinction between the cloud core and cloud parcels: the cloud-core parcels have a higher value of equivalent potential temperature and a larger amount of total water than the cloud parcels. The distributions of the parcels' properties at each height indicate that the thermodynamic properties of the cloud parcels are closer to those of the environmental parcels and that the properties of the cloud-core parcels have a distinct feature from other categories. Furthermore, the equivalent potential temperature of the cloud-core parcels does not change much in the vertical in comparison to that of the cloud parcels. Therefore, it is considered that the cloud-core parcels are less affected by mixing with the environment than the cloud parcels. This suggests that cloud-core parcels would be undiluted during the ascent in the vertical.
As described in Section 1, the updraft intensity is weaker in tropical convective clouds than in the mid-latitude ones. In addition, the size of the updraft core regions within convective clouds is usually smaller in the tropics than in the mid-latitude Zipser and LeMone 1980) . Weaker updraft, which is due to smaller buoyancy (Lucas et al. 1994a) , and smaller area of updraft cores in tropical convection lead to unfavorable effects and 6000 m in a conserved variable space by equivalent potential temperature and total water (i.e., the sum of condensate and vapor) mixing ratio. Red, blue, and green dots denote the cloudcore parcels, cloud parcels, and environmental parcels. The simulated outputs of Domain 4 at all the output time steps from 0000 UTC 1 October to 0000 UTC 1 December 2011 are used.
for cumulus development in which updraft cores are susceptible to dilution with the environment. In other words, larger areas of updraft cores will lead to the vertical development of cumulus clouds in the tropics (Feng et al. 2015) . Because of the importance of the size of the updraft area, the areal coverages of the cloud-core parcels and cloud parcels are examined here. We examine the fractional areas of the cloud core and the cloud coverage against the Domain 4 area as a proxy for the size of the updraft.
The temporal changes of the fractional coverages of the cloud-core parcels and the cloud parcels at each height within the Domain 4 area for the November MJO case (from 21 November to 1 December) and for the October MJO case (from 22 October to 1 November) are demonstrated in Fig.  15 . In the November case, the increase in the fractional coverage seems to occur simultaneously on 24 November, and the increase in the fractional coverage of the cloud parcels precedes that in the fractional area of the cloud-core parcels. Although the signatures seen in this November case appear to be less clear in the October case, the increase in the fractional coverage of the cloud-core parcels occurs with the increase in the coverage of the cloud parcels during the October event.
The upward penetration of the cloud-core parcels will transport sufficient amount of water to form cumulus clouds, which will moisten the environmental atmosphere. Higher values of the moisture content simulated in Domain 4 than those in Domain 1, as shown in Fig. 13 , strongly supports the role of cumulus clouds in moistening the environment. The larger areas of the cloud cores will be beneficial for the upward penetration of convective updraft.
Discussion
By conducting convection-resolving simulations of the Indian Ocean tropical convection in which the higher computational domains are nested in one way, we have indicated that the simulated fields in Domain 4 are more moistened than those in Domain 1 during the two major MJO periods. From the analyses of updraft and cloud properties, it is strongly suggested that widespread cloud-core parcels penetrate upward without being less affected by mixing with the environmental air. These less diluted cloud-core parcels are considered to contribute to the moistening of the environmental atmosphere. In the study of Takemi et al. (2004) , it was shown that the control of the vertical development of cumulus clouds is due to the environmental humidity: higher humidity at middle levels leads to the development of taller cumulus clouds. In this study, we have indicated that there is an upscale influence from the activity of cumulus clouds to their environmental atmosphere.
One of the issues to remain unsolved is the relative role of the atmospheric moistening from cumulus clouds against the synoptic-scale variability of the atmospheric humidity. In this study, we have not evaluated the roles of cumulus clouds and synoptic-scale variability on moistening the atmosphere. By examining reanalysis and satellite data during the CINDY2011/DYNAMO period, Nasuno et al. (2015) demonstrated that the zonal advection of low frequency moisture, which has a maximum over the Maritime Continent, by intra-seasonal easterly anomalies and advection of intra-seasonal moisture by the basic zonal wind account for the atmospheric moistening during the preconditioning periods of the October and November MJO events. Once the MJO-scale convective envelope is established, moistening by vertical advection occurs. Based on their study, a certain level of the humidification of the atmosphere seems to be required for initiating active convection during the MJO events. Considering that middle-level moist conditions promote the vertical development of cumulus clouds (Takemi et al. 2004) , the humidification of the environmental atmosphere enhances the cumulus development, and hence the moistening due to cumulus activity. From Figs. 8b and 9, it seems that there are some moisture thresholds for convection development. It is well documented from observations that there is a non-linear relationship between precipitation and precipitable water vapor in the tropics: precipitation increases sharply with precipitable water vapor above a certain critical value (Bretherton et al. 2004; Neelin 2009, 2010) . This observational evidence supports the present results indicating the threshold values of moisture content for convection development.
The threshold indicated from Figs. 8 and 9 is considered to be partly controlled by large-scale atmospheric variability like the one shown in the study of Nasuno et al. (2015) . It is further suggested that the moistening processes may be different for the active and suppressed phase of MJO because the basestate atmospheric conditions such as stability and moisture are quite different between the two phases. From the analyses of observed data obtained during DYNAMO, Ruppert and Johnson (2015) indicated that the humidification of the low-to-middle troposphere is due to simultaneous changes in convective cloud population as well as large-scale circulation and that the diurnal cycle of convective clouds plays a role in the moistening of the troposphere. The results of the present simulations are consistent with the findings of Ruppert and Johnson (2015) .
Another issue to be solved is the triggering processes for cumulus clouds. Feng et al. (2015) suggested that closely spaced, large clouds moisten the surrounding environment and reduce entrainment drying, which contribute to increase the probability of the organization of deep convection. The convective clouds are triggered by surface cold pools. From the analyses of the data obtained by the 2011 Atmospheric Radiation Measurement (ARM) MJO Investigation Experiment (AMIE)/DYNAMO field campaign, cold pools generated by convective clouds were commonly observed to interact, which serves as a triggering mechanism for the convective development. The existence of prevalent cold pools were identified from the observations in a tropical oceanic region (Zuidema et al. 2011) , and the importance of cold pools for the organization of tropical convection was numerically investigated by Tompkins (2001) . Further analyses are required to identify the triggering mechanisms for developing convection and the resulting moisture transport due to convective updrafts.
Summary and conclusions
This study investigated the relationship between cumulus convection activity and environmental moisture variation in the tropical Indian Ocean during October and November 2011 with the use of the WRF model at a convection-resolving resolution, i.e., the horizontal grid spacing of 100 m. By setting four computational domains with the nesting capability of the WRF model, the outermost computational domain had an area of 4250 km × 3000 km, which covered most of the tropical Indian Ocean, while the innermost domain, having the 100 m resolution, covered a mesoscale domain of 100 km × 60 km centered at the stationary observation point (80.5°E and 8°S) of the R/V Mirai as a part of the CINDY2011/DYNAMO field experiment. By performing two-day segmented simulations with a suite of full physics processes, the simulated data were obtained from 0000 UTC 1 October 2011 to 0000 UTC 1 December 2011 with the background fields kept consistent with the global analysis data of JMA. The data outputs in the mesoscale region were mainly used to examine cumulus activity and environmental variability over the region.
The results obtained in the simulations in the outermost computational domain indicated that eastward propagating signals corresponding to MJOs in the Indian Ocean in late October and late November were successfully reproduced. The temporal variations of the tropospheric moisture observed by radiosondes at the stationary point of the R/V Mirai were also well captured in the simulations in the innermost computational domain. By demonstrating the favorable performance of the simulated results compared with the observed features, we examined the relationship between cumulus activity and environmental variability from the high-frequency (i.e., the 5 min interval) data outputs in the innermost domain. Our philosophy to conduct convection-resolving simulations at the 100 m resolution is that the processes relevant to cumulus clouds are expected to be sufficiently resolved (Bryan et al. 2003) , and therefore, the analyses on cumulus activity and its inter-relationship with the environment should be robust. The large-scale atmospheric variations, such as two MJOs successfully simulated in the outermost domain, were regarded as a prescribed background condition for the innermost domain.
From the examination of domain-averaged temperature and moisture properties simulated in the innermost domain, it was indicated that relative humidity at the middle and upper levels largely vary during October and November 2011. The moister conditions at middle-to-upper levels in some cases correspond to higher temperature lapse rates; however, the moister periods corresponding to the MJO events does not necessarily mean that the temperature lapse rate demonstrates the most unstable condition at the same time. The examination of cloud cover at a middle level of 4 km indicated that the cloud cover has a closer relationship with precipitable water vapor than temperature lapse rate in the lower troposphere. It was also shown that the cloud cover sharply increases with the increase in precipitable water vapor exceeding about 55 mm. This value can be regarded as a threshold for developing clouds in the vertical above the middle level.
From the comparison of cloud cover at a certain level with relative humidity in a lower layer, it was indicated that the cloud cover at a middle level of 4 km sharply increases with the increase in relative humidity in the lower layer and that the cloud cover at an upper level of 8 km also increases with the relative humidity increase in the lower layer. In other words, the increase in relative humidity in a lower layer results in the increase in cloud cover at a level above the moist layer.
Corresponding to the periods with higher cloud cover, updrafts within cloud-core areas, that is, proxy for the development of cumulus convection, are intensified at middle and upper levels. In particular, persistent updrafts at middle-to-upper levels are seen during the MJO event in late November.
Because the present regional simulations were conducted with one-way nesting, the results obtained from the outermost and innermost domains may differ with each other. Therefore, from the comparison of the simulated results in the outermost and innermost domains, the effects of explicitly resolved cumulus clouds on the background condition can be diagnosed. This analysis was conducted for the time periods of late October and November, corresponding to the October and late November MJOs in the CINDY2011/DYNAMO campaign. The comparison in terms of moisture variables showed that the moisture content in the middle levels is significantly larger in the innermost domain than in the outermost domain, suggesting that the effects of cumulus clouds play a role.
The analysis with the use of thermodynamically conserved variables demonstrated that the cloudcore parcels have a distinct feature from the parcels in the clouds but outside core and the environments. It is considered that the cloud-core parcels are less affected by being mixed with the environment than cloud parcels outside the core areas. This suggests that the cloud-core parcels are less susceptible to the negative effects of dilution with the environmental air and survive to penetrate to higher levels. Those core parcels will transport water vapor from the lower levels to middle-to-upper levels to form cumulus clouds and induce the moistening of the environmental atmosphere.
From the convection-resolving simulations with the horizontal grid spacing of 100 m, the relationship between cumulus activity and environmental conditions is clearly revealed. The existence of widespread updraft cores that are less diluted with the environment plays a key role in an inter-relationship between cumulus clouds and their environment: the moisture condition controls the vertical development of cumulus clouds, whereas the development of cumulus clouds provide moistening effects on the environmental atmosphere. The effects from cumulus clouds on their environment obtained from the present simulations are regarded as a preconditioning influence for the convective initiation of MJO. The moisture variability at cumulus scales should be considered for the understanding the convective initiation of MJO.
